patients. The EGF-like growth factor Amphiregulin (AREG) protein was frequently up-regulated in a tissue microarray, which was associated with worse overall survival. Additionally, in sera, tissue specimens, and effusions of lung or gastric cancer patients, up-regulated AREG protein enhanced the suppressive function of Treg cells. AREG maintained the Treg cell suppressive function via the EGFR/GSK-3␤/Foxp3 axis in vitro and in vivo. Furthermore, inhibition of EGFR by the tyrosine kinase inhibitor gefitinib restored the activity of GSK-3␤ and attenuated Treg cell function. ␤-TrCP was involved in GSK-3␤-mediated Foxp3 degradation, and mass spectrometry identified Lys 356 as the ubiquitination site of Foxp3 by ␤-TrCP. These findings demonstrate the posttranslational regulation of Foxp3 expression by AREG in cancer patients through AREG/EGFR/ GSK-3␤ signaling, which could lead to Foxp3 protein degradation in Treg cells and a potential therapeutic target for cancer treatment.
The epidermal growth factor receptor (EGFR) 5 is a transmembrane receptor that is activated by binding of its specific ligands. Stimulation of the EGFR through tyrosine kinase activity triggers a series of intracellular pathways that may result in cancer cell proliferation, blocking of apoptosis, activation of invasion and metastasis, and stimulation of tumor-induced neovascularization (1, 2) . Importantly, the majority of human epithelial cancers are marked by functional activation of growth factors and receptors of the EGFR. Targeting the EGFR is currently available for the treatment of different types of epithelial cancers, such as non-small-cell lung cancer, squamous cell carcinoma of the head and neck, colorectal cancer, and pancreatic cancer (3) (4) (5) (6) . The treatment demonstrated that EGFR inhibitors bind to the extracellular domain of the EGFR when it is in the inactive configuration, compete for receptor binding by occluding the ligand-binding region, and thereby directly block ligand-induced EGFR tyrosine kinase activation on cancer cells (7, 8) . However, the mechanisms of EGFR-targeted treatments in cancer patients remain poorly understood clinically. Recent studies indicated that the therapeutic effect of EGFR-targeted treatment can be observed both on cancer cells and treatmentinduced immune responses (9, 10) . The EGFR is demonstrated to be expressed on immune cells such as monocytes and plasma cells (11, 12) . Additionally, the ligands of the EGFR, including epidermal growth factor and TGF-␣, are released not only by epithelial cells but also by activated immune cells. Given these findings, the EGFR signaling pathway could play an important role in immune responses in cancer patients.
The EGF-like growth factor Amphiregulin (AREG) is an 84-amino acid glycoprotein that plays a vital role in physiological and cancerous tissues. AREG is also involved in the resistance to several cancer treatments. Recent studies demonstrated that AREG is involved in inflammation. Furthermore, the EGF-like growth factor AREG is expressed by activated Th2 cells, mast cells, eosinophils, and basophils (13) (14) (15) (16) . These studies suggest that the function of AREG might be to regulate immune responses.
Regulatory T (Treg) cells, crucial to maintain immune cell homeostasis, were shown to play a role in tumor development and progression (17) . For instance, accumulation of Treg cells in a tumor lesion inhibited the tumor-specific T cell immunity that contributes to tumor cell growth in vivo (18, 19) . More recently, AREG was shown to enhance the suppressive function of Treg cells via the EGFR signaling pathway (20) . However, the precise mechanism underlying the pathogenic role of AREG/ EGFR signaling in modulating Treg cell function is not fully defined.
Forkhead box P3 (Foxp3) is a protein involved in immune system responses and is required for Treg cell differentiation and function. Previous studies showed that deacetylation of Foxp3 is linked to impaired Treg cell function in autoimmune disorders (21) , whereas phosphorylation and ubiquitination of Foxp3 affects its activity and Treg cell function (22, 23) . Furthermore, our previous study suggested that GSK-3␤ (glycogen synthase kinase 3␤) was able to inactivate Foxp3 protein (24) . In light of these findings, we wanted to determine how AREG/ EGFR signaling contributes to the regulation of immune responses, especially to Treg cells. In this study, we report that AREG/EGFR signaling enhances Foxp3 expression by inhibiting the GSK-3␤/␤-TrCP pathway. Foxp3 is destabilized as a consequence of its phosphorylation by GSK-3␤ and subsequent ubiquitination by ␤-TrCP. More importantly, investigation of the mechanisms that promote the stability of Foxp3 protein and functional plasticity of the Treg cell lineage helps to understand the limitation of cancer immune surveillance.
Results

Up-regulated Expression of AREG and Increased Level of Treg Cells in Specimens from Cancer Patients-
To determine the clinical association of AREG expression, we also assessed AREG expression in the blood and malignant pleural or peritoneal effusions from cancer patients (n ϭ 7). Serum levels of AREG protein were higher in lung and gastric cancer patients than in age-matched healthy individuals. Elevated levels of AREG were also observed in the tumor tissues and effusions of these patients (Fig. 1A ). In addition, fluorescence activated cell sorting (FACS) analysis revealed that the frequency of human Treg cells (CD4 ϩ CD25 hi Foxp3 ϩ ) was increased in tumor-derived effusions and peripheral blood mononuclear cells (PBMC) of lung cancer (LC-PBMC) and gastric cancer (GC-PBMC) compared with that of healthy controls (HC-PBMC) ( Fig. 1B , quantitation shown in the bottom panel).
To investigate the pathological relevance of AREG expression, we also analyzed the levels of AREG in tissue specimens of lung cancer (lung adenocarcinoma and bronchioloalveolar carcinoma; 75 cases) and gastric adenocarcinoma (90 cases). The data showed that AREG was highly expressed in 48 of 75 lung cancer tissues (64%) and 52 of 90 gastric cancer tissues (57.8%). AREG expression was associated with tumor stage in gastric cancer but not with tumor stage or lymph node metastasis in lung cancer (data not shown). Moreover, AREG expression was associated with poorer overall survival of lung and gastric cancer patients (Fig. 1, C and D) . These results indicate that up-regulated expression of AREG protein and increased levels of Treg cells within CD4 ϩ T cells in tumor-derived effusions and PBMC could play a suppressive role in Teff cell function.
AREG in Malignant Effusion Is Required for Maintaining Treg Cell Suppressive Function-To analyze Treg cell suppressive function on Teff cells, we isolated CD4 ϩ CD25 hi T cells and CD4 ϩ CD25 Ϫ Teff cells from peripheral blood or tumor-derived effusion mononuclear cells of cancer patients to evaluate the ability of CD4 ϩ CD25 hi T cells to suppress the proliferation of activated CD4 ϩ CD25 Ϫ T cells by an in vitro co-culture assay (the ratios between responder T cells (CD4 ϩ CD25 Ϫ T cells) and Treg cells were 1:0 and 1:0.5) and then calculated the inhibition index (see "Experimental Procedures" for more details). CD4 ϩ CD25 hi T and CD4 ϩ CD25 Ϫ Teff cells sorted to high purity were used for the co-culture assay ( Fig. 2A ). Thus, CD4 ϩ CD25 hi T cells (CD4 ϩ CD25 hi Foxp3 ϩ Ͼ95% purity) were considered to be Treg cells. Analysis of Treg cells by an immunosuppressive assay demonstrated that the suppressive function was largely enhanced in Treg cells isolated from cancer patients ( Fig. 2B ). Moreover, the addition of LC pleural effusions to Treg cell cultures derived from LC-PBMC enhanced the suppressive function of Treg cells in a dose-dependent manner (Fig. 2C ). Notably, LC pleural effusion-enhanced Treg cell activities were neutralized by antibodies against AREG but not those against TNF-␣, EGF, or TGF-␣ ( Fig. 2D ). Furthermore, dose-dependent addition of recombinant AREG enhanced the suppressive activity of Treg cells isolated from peripheral blood or tumor-derived effusion mononuclear cells of cancer patients ( Fig. 2E ). Collectively, these data suggest that AREG plays an important role in enhancing the suppressive function of Treg cells in cancer patients.
Regulatory T Cells from Patients with Tumors Express the EGFR, and Blocking AREG or EGFR Signaling Inhibits Tumor
Metastasis via Impairing Treg Cell Function-We asked how AREG signaling affects Treg cells, we first measured EGFR expression, a receptor for AREG, in CD4 ϩ CD25 hi T cells by FACS and quantitative PCR. Notably, the expression of EGFR was substantially higher in Treg cells from GC-PBMC and LC-PBMC than from HC-PBMC ( Fig. 3, A and B) . The pivotal role of Treg cells in the generation of a tumor-intrinsic immunosup-pressive environment is well established in the B16-luc melanoma model, which lacks EGFR expression ( Fig. 3C) .
We compared this model with those expressing EGFR and determined the interactional role of AREG-EGFR in the regulation of Treg function. We immunized B16-luc-transplanted mice with TRP2180-188 tumor epitope-pulsed in vitro differentiated BMDC on days 5 and 7 after tumor transplantation. To facilitate sorting of mice Treg (CD4 ϩ Foxp3 ϩ ) cells, we established a Foxp3-GFP transgenic C57BL/6 mouse model implanted with B16-luc melanoma. As reported, immunization alone had no effect on tumor growth in Foxp3-GFP transgenic C57BL/6 mice. Mice were treated with the EGFR tyrosine kinase inhibitor gefitinib or AREG antibody concomitantly with immunization every other day. Administration of the IgG antibody served as a control. As shown in Fig. 4 , A and B, administration of gefitinib or anti-AREG antibody led to a decrease in the number of pulmonary metastasis nodes. Additionally, immunization combined treatment with gefitinib or anti-AREG antibody significantly enhanced the rejection of transplanted B16-luc melanoma, which transferred subcutaneously into the lower left flank of mice (data not shown). However, the number of CD4 ϩ Foxp3 Ϫ GFP Treg cells isolated from the Foxp3 Ϫ GFP transgenic mouse model by FACS was significantly decreased in the gefitinib or AREG treatment group compared with the control (Fig. 4C ). The inhibition index of Treg cells isolated from the gefitinib or anti-AREG antibody treatment groups was decreased, which indicated that their suppressive functions were largely impaired ( Fig. 4D ). These data suggest that AREG/EGFR signaling enhances the suppressive function of Treg cells and promotes tumor metastasis in the mouse model. 
AREG/EGFR Signaling Enhances Foxp3 Expression by Inhib-
iting GSK-3␤ Activity-We asked how AREG/EGFR signaling regulates the expression of Foxp3 in Treg cells. To determine whether GSK-3␤ associates with Foxp3, we detected a physical association between GSK-3␤ and Foxp3 in CD4 ϩ CD25 hi Treg cells by immunoprecipitation using GSK-3␤ and Foxp3 antibodies ( Fig. 5A ). Our previous study showed, by mass spectrometry analysis, that GSK-3␤ phosphorylates Foxp3 at Ser 270 and Ser 274 (24) . In this study, inhibition of GSK-3␤ expression by siRNA reduced the phosphorylation of Foxp3 in CD4 ϩ CD25 hi Treg cells ( Fig. 5B , quantitation blot shown in the right panel, p Ͻ 0.05), supporting that Foxp3 is a phosphorylation substrate of GSK-3␤. In addition, the half-life of Foxp3 protein was significantly prolonged in CD4 ϩ CD25 hi Treg cells treated with a GSK-3␤ siRNA (Fig. 5C ). To this end, we found that AREG treatment induced higher phosphorylated GSK-3␤ and Foxp3 expression in Treg cells from LC-PBMC and GC-PBMC than from HC-PBMC ( Fig. 5D ), suggesting AREG/ EGFR-mediated kinase may act on Foxp3. There were no differences in the level of GSK-3␤ expression in Treg cells among the groups (Fig. 5E ). Based on the analysis of protein homology models from SWISS-MODEL annomination, consensus substrate sites of GSK-3␤ only among the AREG/EGFR kinases were identified in the Foxp3. Consistently, AREG treatment induced higher p-GSK-3␤ and Foxp3 expression in LC-PBMC and GC-PBMC Treg cells (CD4 ϩ CD25 hi ) than in HC-PBMC (quantitation blot shown in Fig. 5 , E and F; p Ͻ 0.05). AREG stimulation, however, had no effect on Foxp3 mRNA levels ( Fig.  5G ). These findings raise the interesting possibility that AREG may regulate GSK-3␤ and phosphorylate Foxp3 to regulate the function of Treg cells.
Next we compared the effects of gefitinib and anti-AREG treatment by Western blotting analysis on FACS-sorted CD4Foxp3-GFP Treg and CD4CD25 Teff cells which were isolated from the spleens of B16-luc mice. Treatment with gefitinib or AREG antibody restored the activity of GSK-3␤ (as indicated by inhibition of GSK-3␤ phosphorylation) in B16 Treg cells but had no effect on the expression of GSK-␤, p-GSK-␤, or Foxp3 in Teff cells (Fig. 5H ). These data suggest that AREG/EGFR signaling enhances the suppressive function of Treg cells through inhibition of GSK-3␤ activity.
Blockage of EGFR with Gefitinib Treatment Inhibits Treg Cell Function by Suppressing GSK-3␤ Activity-To assess the possible effect of the regulation of AREG on the EGFR/GSK-3/Foxp3 axis, we analyzed the levels of Foxp3 in CD4CD25 hi Treg cells in PBMC deriving from cancer patients and found that gefitinib significantly reduced the expression of Foxp3 protein (Fig. 6A) .
In vitro, we analyzed the levels of GSK-3␤ and phosphorylated GSK-3␤ in HCC827 and PC-9 cells after treatment with gefitinib or AREG by Western blotting. Gefitinib treatment deceased phosphorylated-GSK-3␤ expression and enhanced GSK-3␤ activation (Fig. 6B ). On the basis of these results, we propose that gefitinib treatment down-regulates the suppressive function of Treg cells. These data support a role for AREG/ EGFR signaling in regulating the suppressive function of Treg cells by inhibiting the activity of GSK-3␤.
␤-TrCP Involves the Degradation of GSK-3␤-mediated Foxp3-It is well known that phosphorylation of proteins causes them to be degraded by the ATP-dependent ubiquitin/ proteasome pathway. To determine whether GSK-3␤-mediated phosphorylation of Foxp3 protein directly modulates its ubiquitination and subsequent degradation, HEK293T cells transfected with FLAG-tagged Foxp3 were treated with GSK-3␤ siRNA, and then cell lysates were immunoprecipitated with anti-ubiquitin antibody, followed by immunoblotting with anti-FLAG antibody to detect ubiquitinated Foxp3 proteins. As shown in Fig. 7A , we detected ubiquitin bound to Foxp3 protein, and the levels of ubiquitinated Foxp3 were noticeably decreased in the absence of GSK-3␤ (by siRNA). To determine whether Foxp3 is associated with ␤-TrCP, an E3 ligase that has been reported to pair with GSK-3␤ for Mcl-1 degradation, FLAG-tagged Foxp3 and Myc-tagged ␤-TrCP were cotransfected in HEK293T and HeLa cells. Cell lysates were immunoprecipitated with either FLAG or Myc antibody to purify Foxp3 or ␤-TrCP protein complex. We found that FLAG-tagged Foxp3 and Myc-tagged ␤-TrCP both physically interacted in HEK293T and HeLa cells, suggesting that ␤-TrCP may be involved in Foxp3 protein degradation (Fig. 7B ). To determine whether ␤-TrCP ubiquitinates Foxp3 for degradation, we cotransfected FLAG-tagged Foxp3 and HA-ubiquitin with or without Myc-tagged ␤-TrCP into HEK293T cells, immunoprecipitated the ubiquitinated proteins with anti-HA, and then immunoblotted against anti-FLAG antibody to detect ubiquitinated Foxp3 protein. An increased level of ubiquitinated Foxp3 was detected following treatment with ␤-TrCP (Fig. 7C ). The functional interaction between Foxp3 and ␤-TrCP was further characterized by mass spectrum analysis, which identified an ubiquitination site at Lys 356 within the region between residues 348 and 358 of Foxp3 ( 348 WAILEAPEK ub QR 358 , Fig. 8A ). To validate that ␤-TrCP ubiquitinates Foxp3 at Lys 356 for subsequent degradation, we created a FLAG-Foxp3-L356R mutant. Compared with WT Foxp3, ubiquitination of the L356R mutant was blocked ( Fig. 8B ).
Discussion
Increased expression of AREG protein has been reported in many cancers, such as lung, colorectal, liver, breast, ovarian, and pancreatic cancers (25, 26) . AREG has been considered as a novel secreted marker for increased cell invasion in cancer tissues (27) . Zaiss et al. (13) reported that Treg cells expressed EGFR under inflammatory conditions and that AREG was of pivotal importance to ensure Treg cell-mediated immune regulation. Thus, we hypothesized that the AREG/EGFR signaling pathway may be involved in cancer progression through enhanced Treg cell function. The tumor microenvironment plays a key role in tumor immune escape. Foxp3-expressing Treg cells, which act as suppressor agents in the tumor microenvironment, limit anti-tumor responses and allow the persistence and growth of cancer. Importantly, the function of Foxp3-expressing Treg cells may persist in the tumor environ-ment, mediating immune evasion. Thus, a mechanism that down-regulates Foxp3-expressing Treg cells would be important for the activation of an efficient anti-tumor response. Although many recent studies have focused extensively on how Foxp3 is induced in Treg cells, much less is known about how Foxp3 protein is negatively regulated and how that affects the The half-life of Foxp3 was significantly increased in GSK-3␤ knockdown CD4 ϩ CD25 hi Treg cells. CHX, cycloheximide. D and E, expression levels of GSK-3␤, p-GSK-3␤, and Foxp3 in CD4 ϩ CD25 hi Treg cells in response to recombinant AREG (100 ng/ml). AREG significantly increased phosphorylation of GSK-3␤, but not total GSK-3␤ protein level, in CD4 ϩ CD25 hi Treg cells (isolated from LC-and GC-PBMC). F and G, AREG significantly increased the Foxp3 protein level, but not the Foxp3 mRNA level, in CD4 ϩ CD25 hi Treg cells (isolated from LC-and GC-PBMC). H, the AREG-stimulated Foxp3 protein level in CD4 ϩ CD25 hi Treg cells was decreased in response to gefitinib or anti-AREG administration. Data are mean Ϯ S.D. of five independent experiments. *, p Ͻ 0.05. suppressive function of Treg cells. In this study, we report that AREG/EGFR signaling down-regulates GSK-3␤ protein activity, leading to the stabilization of Foxp3 protein. As such, loss of Foxp3 protein phosphorylation because of GSK-3␤ inactivity renders Foxp3 protein resistant to ␤-TrCP ubiquitination-mediated degradation and, therefore, suppresses Treg activity. These data provide insights into the molecular mechanisms regulating Foxp3 protein expression and Treg function. These findings are also in line with the results reported by Zaiss et al. (13) , in which the authors demonstrated that mast cell-derived AREG could directly enhance Treg cell function.
The ubiquitously expressed serine/threonine kinase GSK-3␤ regulates many components of the immune system (28, 29) . Importantly, GSK-3␤ activation can impair T cell proliferation, differentiation, survival, and other functions via phosphorylation of key transcriptional factors such as NF-B, cAMP-response element-binding protein, AP-1, STAT, nuclear factor of activated T cells (NFAT), Smads, and ␤-catenin (30) . Thus, we hypothesized that GSK-3 may reduce the expression of Foxp3 in Treg cells. Here we provide strong evidence supporting a direct role for GSK-3␤ in the regulation of Foxp3 protein levels. In addition, GSK-3␤ exerts indirect regulatory control of Foxp3 via ␤-catenin and Bcl-xL so that treating Treg cells with a GSK-3␤ inhibitor prolonged the half-life of Foxp3 protein and increased the levels of Bcl-xL (31) . Stabilization of ␤-catenin has been proven to improve Treg cell survival (32) . Taken together, these findings indicate that GSK-3␤ plays a vital role in the regulation of Foxp3 protein expression.
Although many studies have focused on how Foxp3 is induced in Treg cells, much less attention has been paid to how Foxp3 protein is negatively regulated. Here we report that the E3 ligase ␤-TrCP is responsible for ubiquitinating Foxp3 in a process that leads to the degradation of the chief Treg cell transcription factor. Ubiquitination and degradation of Foxp3 are vital for cell signaling (33) . It is well known that phosphorylation at one residue can prime ubiquitination at a nearby lysine. Previously, we demonstrated that GSK-3␤ phosphorylation was involved in this process by paring with the E3 ligase ␤-TrCP SEPTEMBER 30, 2016 • VOLUME 291 • NUMBER 40
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to target Mcl-1 for degradation (34) . Given that Foxp3 is a phosphorylation substrate of GSK-3b, we then wondered whether Foxp3 is also a target of ␤-TrCp for degradation. In our study, we demonstrated that both exogenously and endogenously expressed Foxp3 physically interacted with ␤-TrCP (data not shown for the endogenous Foxp3 and ␤-TrCP interaction). In addition, GSK-3␤-phosphorylated Foxp3 induces subsequent ubiquitination and degradation of Foxp3 by the E3 ligase ␤-TrCP. Using mass spectrum analysis, we identified one lysine residues that was ubiquitinated (Lys 356 ). Furthermore, the mutation of Lys 356 showed severely reduced ubiquitination levels, suggesting that ␤-TrCP targets Foxp3 at Lys 356 for subsequent degradation.
Loss of Foxp3 protein expression was previously thought to have resulted from decreased transcription. More recently, a number of studies have described the importance of posttranslational modifications of Foxp3, including protein phosphorylation, acetylation, ubiquitination, sumoylation, and hydroxylation (35) . These modifications, which are also recognized as important determinants for the dynamic regulation of transcription factors such as p53 and NF-B, may elicit opposing or synergistic effects (36, 37) . For example, deacetylation of Foxp3 protein has been linked to impaired function of Treg cells by affecting Foxp3 protein stability and its ability to bind to gene promoters. TGF-␤ signaling was identified to modulate the deacetylation of Foxp3, and TIP60, p300, and sirtuin-1 were subsequently shown to regulate Foxp3 acetylation (38, 39) . It is well known that a substrate molecule with different phosphorylation sites may occupy multipotential states. A recent study from Zhang et al. (22) identified Ser 418 of the Foxp3 protein as a potential key phosphorylation site responsible for impaired Treg cell function in rheumatoid arthritis, which is dephosphorylated by PP1 in response to TNF-␣ signaling. Moreover, Morawski et al. (40) reported that cyclin-dependent kinase 2 (CDK2) phosphorylates Foxp3 protein and alters its stability and activity and suggested that the cyclin-dependent kinase (CDK) motifs and nearby lysine residues cooperate to form a phosphodegron that regulates Foxp3 phosphorylation-dependent ubiquitination and degradation (22) .
To date, a number of studies have shown that the tumor environment associated with EGFR signaling activates tumorreactive T cells in tumor regression (41) . The mast cell-derived AREG can directly enhance Treg cell function via EGFR-mediated signaling. However, the underlying molecular mechanism is poorly understood. By focusing on the events proximal to Foxp3, we demonstrated a previously unreported link between Foxp3 degradation and AREG/EGFR signaling through GSK-3␤ and ␤-TrCP. This study reveals a mechanism by which EGFR signaling regulates posttranslational modification of Foxp3 protein. AREG, which is expressed in various tissues, is up-regulated in a number of human cancers. In the B16-luc melanoma murine models, there was no significant difference between gefitinib treatment and anti-AREG antibody, suggesting that AREG/EGFR may play a dominant role in regulating Treg cells expressing EGFR. It is not clear how the various EGFR ligands perform functions differently. This study also establishes a unique function of AREG that is distinct from EGF and TGF.
This study revealed a novel molecular mechanism regulating the efficiency of Treg-cell-mediated immune modulation and identified a signaling pathway that mediates Foxp3 protein degradation in tumor microenvironment Treg cells ( Fig. 9 ). Targeting the machinery responsible for Foxp3 loss, such as phosphorylation and ubiquitination by GSK-3␤ and ␤-TrCP, could be explored as a therapeutic strategy for the treatment of various types of human cancer.
Experimental Procedures
Patients and Specimens-Tissue specimens from 19 cancer patients (12 with lung adenocarcinoma, 5 of 12 with lung cancer treatment with an EGFR tyrosine kinase inhibitor (gefitinib), and 7 with gastric adenocarcinoma) were collected from Wuhan Union Hospital. All patients were diagnosed pathologically. This study was approved by Wuhan Union Hospital, and informed consent was obtained from all patients before sample collection. We also collected blood specimens and malignant pleural or peritoneal effusions from these patients. For control, we collected 12 subjects with matched sex and mean age from Wuhan Union hospital between October 2010 and December 2013. Malignant pleural or peritoneal effusions were immediately stored at Ϫ80°C until use, and we processed cell pellets and blood samples using Ficoll-Hypaque centrifugation (Amersham Biosciences) to obtain mononuclear cells for cell culture.
Tissue Microarray and Immunohistochemistry-For immunohistochemistry, we purchased a tissue microarray (HLung-Ade90Sur-01 and HStm-Ade180Sur-02) from Shanghai Outdo Biotech Co. Ltd. (Shanghai, China) that contained a total of 75 cases of lung adenocarcinoma and bronchioloalveolar carcinoma and 90 cases of gastric adenocarcinoma. Immunohistochemistry was performed to detect AREG expression as described in a previous study (42) . The staining data were scored using the H-score method, which combined the staining intensity and percentage of tumor cell stained as described in a previous study (42) .
Cell Culture and Stable Gene Transfection-HEK293T, HeLa, HCC827, and PC-9 cell lines (HCC827 and PC-9 cell lines are EGFR-dependent non-small-cell lung cancer cells) were cultured in DMEM plus GlutaMax (Invitrogen) and 5% FBS, penicillin (10 units/ml), and streptomycin (10 mg/ml, Invitrogen) in a humidified incubator at 37°C. Primary T cells were isolated from PBMC of patients and healthy people and cultured in RPMI 1640 with L-glutamine (Lonza, Versviers, Belgium) and 10% FBS, penicillin (10 units/ml), and streptomycin (10 mg/ml).
For gene transfection, pCGN-GSK-3␤WT and pCGN-GSK-3␤KD were kindly provided by Drs. A. Kikuchi, M. J. Birnhaum, and J. R. Woodgett. Foxp3 cDNA was cloned from pGEX6P-1 Foxp3 and pCMV5-MYC Foxp3 (kindly provided by Dr. Shimon Sakaguchi of the Department of Experimental Immunology, Immunology Frontier Research Center, Osaka University, Suita, Osaka, Japan) into pCDNA3.1 (ϩ) containing a FLAG tag. After confirmation by DNA sequencing, we named it pCDNA3.1(ϩ)-Foxp3. The pGEX6P-1 Foxp3 and pCDNA3.1 (ϩ)-FLAG-Foxp3 mutants were constructed using a site-directed mutagenesis kit (Invitrogen). The GSK-3␤ siRNA plasmid (i.e. pKD-GSK-3␤-v1) was purchased from Upstate Biotechnology (Lake Placid, NY). These plasmids were transfected into HEK293T, HeLa, or Treg cells, respectively, using Lipofectamine 2000 (Invitrogen). And the stable transfectants were selected by blasticidin (10 g/ml). Cycloheximide and MG132 (10 M for 10 h) were purchased from Sigma-Aldrich (St. Louis, MO). GSK-3␤ activator (staurosporine, 50 M) or GSK-3␤ inhibitors (SB216763, 5 M or GSK-3␤ siRNA, Sigma-Aldrich) were added to the culture.
Western Blotting and Immunoprecipitation-Western blotting assays were performed as described previously by using the following antibodies (43): mouse anti-Foxp3 (eBioscience, San Diego, CA); rat anti-Foxp3, mouse or rabbit anti-GSK-3, antiphospho-(Ser9)-GSK-3, and rabbit anti-phosphorylated protein (Cell Signaling Technology, Beverly, MA); anti-FLAG and anti-HA (Santa Cruz Biotechnology, Santa Cruz, CA); and anti-actin, anti-tubulin, and anti-GAPDH (Sigma). The Pierce coimmunoprecipitation and ubiquitin enrichment experiments were performed according to the instructions of the manufacturer. According to our previous study (24) , two specific antibodies against the two different phosphorylation sites of Foxp3 protein (Ser 270 and Ser 274 ) were generated by Beijing Protein Innovation Co., Ltd. (Beijing, China) and used in this study. Immunoblots were analyzed quantitatively with Image Quant software, version 5.2 (GE Healthcare). Relative Ser 270 and Ser 274 phosphorylation of Foxp3 were normalized to the expression of GAPDH. So were the protein expression of FLAG-Foxp3, Foxp3, GSK-3, and p-GSK-3.
Animal Experiments-C57BL/6(Foxp3-GFP) (H-2b) mice were purchased from the Institute of Laboratory Animal Sciences of the Chinese Academy of Medical Sciences (Beijing, China) and maintained in pathogen-free filter-top isolator cages. All animal experiments were conducted under a protocol approved by the Institutional Animal Care and Use Committee at Tongji Medical College (Wuhan, China). For the pulmonary metastasis assay, B16-luc cells (2 ϫ 10 5 in 0.2 ml PBS) were inoculated into the lateral tail vein of 6-week-old C57BL/6 (Foxp3-GFP) mice. Pulmonary metastatic colonization in B16luc was monitored by noninvasive bioluminescence. Mice were then immunized with TRP2180 -188 peptide-loaded BMDC on days 5 and 7 after inoculation. From day 6 after tumor cell injection, mice were intraperitoneally injected every other day with either 10 mg/kg of body weight of gefitinib or an anti-AREG antibody (200 g). At day 21 after injection, the size of mouse metastasis tumor was determined by pulmonary bioluminescence imaging.
Cell Isolation and FACS-We first purified CD4 ϩ T cells from fresh PBMC or malignant pleural or peritoneal effusions using the CD4 ϩ T Cell Isolation Kit II (Miltenyi Biotec) and performed FACS to sort CD4 ϩ CD25 Ϫ and CD4 ϩ CD25 hi T cells from purified CD4 ϩ T cells using FACSAria (BD Biosciences) to obtain a purity of Ͼ98% of the cell population. We also isolated T cells in the pooled mouse spleens and lymph nodes for the murine model and performed FACS to sort the CD4 ϩ CD25 Ϫ and CD4 ϩ Foxp3-GFP T cells. The final purity of these cell populations was 90 -95% after validation by FACS. The methods used for the intracellular staining procedures were in accordance with those described in a previous study (44) . The cells were stained with fluorochrome-conjugated mouse antibodies against CD4 (GK1.5), CD3 (17A2), CD25 (PC61.5), and Foxp3 (FJK-16s) (all from eBioscience). FACS was performed using the FACSCalibur instrument (BD FACSAria), and data were analyzed using the FlowJo version 7.6 software program (TreeStar, Ashland, OR).
Treg Suppression Assay-This assay was performed as described previously (22) . In brief, CD4 ϩ CD25 hi Treg cells (inhibitor, 1 ϫ 10 4 cells/well) in the presence of irradiated (2000 rads) T cells were co-cultured with CD4 ϩ CD25 Ϫ T cells (responder) stimulated with anti-CD3/CD28 Dynabeads (Invitrogen) and concanavalin A (ConA) in the presence of a TNF-␣ antibody, anti-AREG antibody, TGF-␣ antibody, EGFR tyrosine kinase inhibitor, or IgG control (all from R&D Systems). Treg cells were added to increase ratios relative to the CD4 ϩ CD25 Ϫ T cells for dose-response measurements. Cell proliferation was measured in triplicate by incorporation of tritiated thymidine over 18 -20 h of co-culture. The results were expressed as percentage inhibition using the following formula: (1-(experimental counts per minute/control counts per minute))ϫ100%. All of the cells were cultured in complete RPMI 1640 medium.
Statistical Analysis-The data were summarized as the mean Ϯ S.E. and analyzed using log rank test (Mantel-Cox test) to generate a p value between two groups. p Ͻ 0.05 was considered statistically significant.
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